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ABSTRACT
We investigate near-ultraviolet (NUV) variability in the Galactic globular cluster (GC) 47 Tucanae (47 Tuc). This work was under-
taken within the GC sub-project of the Transient UV Objects project, a programme which aims to find and study transient and strongly
variable UV sources. Globular clusters are ideal targets for transient searches because of their high stellar densities and large popula-
tions of variable systems. Using all 75 archival observations of 47 Tuc obtained with the UV/optical telescope (UVOT) aboard the Neil
Gehrels Swift observatory with the uvm2 filter, we searched for UV variability using a specialised pipeline which utilises difference
image analysis. We found four clear transients, hereafter SW1–4, with positions consistent with those of known cataclysmic variables
(CVs) or CV candidates identified previously using Hubble Space Telescope observations. All four sources exhibit significant out-
bursts, likely brightening by several orders of magnitude. Based on the inferred outburst properties and the association with known
CVs, we tentatively identify the UV transients as CV-dwarf novae (DNe). Two DNe have been previously observed in 47 Tuc: V2,
which has a position consistent with that of SW4; and AKO 9, which was not in outburst during any of the UVOT observations. We
thus increase the known number of DNe in 47 Tuc to 5 and the total number of detected DNe in all Galactic GCs combined from 14
to 17. We discuss our results in the context of the apparent scarcity of DNe in GCs. We suggest that the likely cause is observational
biases, such as limited sensitivity due to the high background from unresolved stars in the GC and limited angular resolution of the
telescopes used. We additionally detected one strongly variable source in 47 Tuc, which could be identified as the known RR Lyrae
star HV 810. We found its period to have significantly increased with respect to that measured from data taken in 1988.
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1. Introduction
Extreme variability in astrophysical sources has been explored
extensively in most wavelength regimes. In addition, more recent
multi-messenger searches have been performed using gravita-
tional waves (Abbott et al. 2016) and neutrinos (IceCube Collab-
oration et al. 2018). A notable exception, however, is the ultra-
violet (UV), which has been used mostly for follow-up observa-
tions of transient sources discovered using other means. System-
atic large-scale searches for serendipitous transient and highly
variable sources in the UV have not been performed (some blind
searches have been undertaken in the past but they were limited
in scope; e.g. Welsh et al. 2005; Wheatley et al. 2008; Gezari
et al. 2013). This is in part a consequence of the opacity of the
Earth’s atmosphere to most UV radiation, which inhibits ground-
based UV transient-searching facilities, and the high costs of
space-based missions. Nonetheless, currently operational space-
based UV facilities can be very useful in detecting and studying
transients in the UV because they often have repeating obser-
vations of the same fields. Typically, these telescopes have rel-
atively small fields of view (FOVs), so only a small number of
objects can be studied per field. However, because of the large
number of fields studied, and through selection of fields of high
stellar density (such as galaxy centres and Galactic open and
globular star clusters), observations carried out by these facili-
ties can still provide large numbers of possible transients. The
Transient UV Objects (TUVO) project, within which the work
for this paper was undertaken, aims to exploit this idea in or-
der to discover and characterise transients and highly variable
systems in the UV. For a full description of the scientific aims,
observing strategy, and operation of the TUVO project see Wij-
nands & Parikh (2019) and Parikh & Wijnands (2019).
The TUVO-Globular project is a TUVO sub-project which
targets Galactic globular clusters (GCs). Globular clusters are
excellent laboratories for studying variability in a wide range of
different types of objects. The high stellar densities of GCs, up to
106 M pc−3 (see e.g. Knigge et al. 2008), result in frequent stel-
lar interactions, often producing enhanced populations of vari-
able systems such as cataclysmic variables (CVs), X-ray bina-
ries, and millisecond radio pulsars (Hut et al. 1992; Knigge et al.
2008; Campos et al. 2018; van den Berg 2019). In addition, GCs
are known to harbour large populations of variable stars, in par-
ticular RR Lyrae variables (for a UV study of RR Lyrae in GCs,
see Siegel et al. 2015). Several tens to hundreds of other types
of variables such as SX Phoenicis, Cepheid, and Red/Mira vari-
ables have also been identified in GCs (for a catalogue of vari-
able stars observed in GCs, see Clement et al. 2001 and Clement
2017). Galactic GCs are opportune environments in which to
probe these objects because relatively accurate estimates of their
ages, metallicities, and distances are often known. Although ob-
servations of GCs suffer from significant stellar crowding, this
is reduced in the UV since stellar populations in GCs are typi-
cally dominated by old, low-mass (<1M) main-sequence stars,
which are known to emit weakly in the UV, thus reducing the
overall background emission from unresolved cluster stars.
One of the prime targets for our TUVO-Globular project are
outbursts from CVs (for reviews on CVs see Smith 2006; Gio-
vannelli 2008). Cataclysmic variables are semi-detached binary
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systems in which a white dwarf (WD) primary accretes mass
from a secondary donor star via Roche lobe overflow. In most
of these systems, matter infalling towards the primary forms an
accretion disc, although the disc may be truncated by the mag-
netic field of a WD, if present. Thermal instabilities in the disc
cause repetitive outbursts known as dwarf novae (DNe). This
phenomenon can be explained in general terms using the disc
instability model (DIM; see Lasota 2001 or Hameury 2019 for
reviews of this model, and Dubus et al. 2018 for recent tests of
the model for DNe). During a DN, the system increases in bright-
ness by 2–6 magnitudes in the optical (see e.g. Dobrotka et al.
2006; Belloni et al. 2019). Outbursts have durations of days to
weeks and recurrence times of weeks to decades. The emission
from outbursts from accreting WDs peaks in the near-UV (NUV;
Giovannelli 2008). Despite this, the UV has not been used exten-
sively to study these types of sources. The NUV emission orig-
inates from viscous heating within the accretion disc and poten-
tially from the WD surface, but the lack of detailed and system-
atic studies of DNe in the UV hinders our understanding of the
processes involved.
The presence of CVs and DNe in GCs has been studied by
several groups in the last ∼25 years (see e.g. Grindlay et al.
1995, 2001; Shara et al. 1996; Knigge et al. 2002, 2008; Bond
et al. 2005; Kaluzny et al. 2005; Shara et al. 2005; Dobrotka
et al. 2006; Pietrukowicz et al. 2008; Servillat et al. 2011; Bel-
loni et al. 2016; Belloni et al. 2019). However, investigations
have struggled to reconcile observations with theory, in particu-
lar with respect to the discrepancy between the predicted and de-
tected numbers of CVs and DNe in GCs. Theoretical predictions
estimate that massive GCs should harbour >100 CVs and at least
half of them should exhibit DN outbursts (Downes et al. 2001;
Dobrotka et al. 2006; Knigge et al. 2011; Belloni et al. 2016),
if not 99% of them (Belloni et al. 2019). We should therefore
expect, given the number of observations of GCs, to have identi-
fied a large number of such events in GCs. However, until now,
only 14 GC DNe have been confirmed (Pietrukowicz et al. 2008;
Kaluzny & Thompson 2009; Servillat et al. 2011). Some addi-
tional variable sources in GCs have been suggested to be DNe
(e.g. sources W51 and W56 in Edmonds et al. 2003), although
the nature of these remains to be confirmed. The discrepancy be-
tween theory and observations has motivated speculation regard-
ing the underlying reasons. There have been several suggestions
that some physical characteristics of GC CVs may be different
to CVs in the field such that GC DNe are inherently rare events
(Belloni et al. 2016; Servillat et al. 2011; Pietrukowicz et al.
2008). These proposals have included the following: 1) GC CV
accretion rates during quiescence are lower than those of field
CVs, resulting in less frequent outbursts (see e.g. Edmonds et al.
2003, who indeed found low accretion rates for quiescent CVs
in 47 Tuc), although it is unknown why GC CVs should have
relatively low accretion rates. 2) The unstable regions of the disc
which cause DN outbursts may not be present if the disc is trun-
cated by strong magnetic fields, preventing DNe, which requires
that WDs in GC CVs have stronger magnetic fields than WDs in
field CVs (Lasota 2001). 3) The low metallicity of the accreted
material may affect the ionisation rate of the accretion disc; typ-
ical GC populations are old and thus have low metal content.
Since DNe are triggered by a critical ionisation rate, there may
be a metallicity-outburst dependence (Gammie & Menou 1998).
4) A combination of 1) and 2), i.e. Dobrotka et al. (2006) inves-
tigated several possibilities and concluded that the most feasible
way of creating non-outbursting CVs in GCs is for the WDs to
have moderately strong magnetic fields as well as low accretion
rates. The reasons why GC CVs should differ from field CVs in
this way, however, is still unclear. It is also possible that current
theory overestimates the numbers of GC CVs, for example if
these high stellar density environments are more efficient at dy-
namically destroying than creating binaries. If indeed fewer CVs
are created than previously thought, we should logically expect
fewer DNe.
Despite these extensive investigations on possible physical
GC CV properties, it has been argued that observational selec-
tion effects are the primary cause of the absence of observed
DN events (e.g. Servillat et al. 2011; Curtin et al. 2015; Belloni
et al. 2016). In this scenario, the numbers of GC CVs are pre-
dicted correctly and have most properties in common with field
CVs so they indeed exhibit DN outbursts, but owing to both in-
trinsic characteristics (e.g. recurrence and duration times of the
outbursts, peak luminosities compared with bright cluster back-
ground), and observational constraints (e.g. the cadence and lim-
iting magnitudes of the observations, and angular resolution of
the telescope compared to the crowdedness of the GCs), they are
missed. To determine the exact causes of the apparent lack of
DNe in GCs in our Galaxy, further observations of these systems
need to be undertaken. As detailed above, using UV facilities
can significantly aid in this endeavour owing to the intrinsic UV
brightness of the objects and the reduced cluster background,
which can make DNe easier to detect in the UV compared with
the optical. However this also depends on the angular resolution
of the telescope used, which could be better in the optical than
in the UV.
47 Tucanae (47 Tuc) is a GC with a total mass of 6.45±0.4×
105M at a distance of 4.69 ± 0.04 kpc, with a low extinction of
E(B − V) = 0.04, low metallicity (Fe/H=-0.76), and high stel-
lar interaction rate (see Table 1 of Rivera Sandoval et al. 2018,
hereafter R18, and references therein for a detailed description
of the characteristics of 47 Tuc). Many CVs and candidate CVs
have been observed in this cluster (e.g. R18), and this makes it
an excellent target, even relative to other GCs, to investigate the
UV variability properties of these types of objects (i.e. to detect
DNe outbursts from them). Until now, only two confirmed DNe
have been discovered in 47 Tuc, known in the literature as V2
(Paresce & de Marchi 1994) and AKO 9 (Knigge et al. 2003).
In this work we present the first results of the TUVO sub-
project TUVO-Globular, with the aim of studying strongly vari-
able UV sources located in 47 Tuc. In Section 2, we summarise
the observations used in this paper and the image processing
undertaken to detect sources. In Section 3, we discuss the UV
transients we discovered and their candidacy as DNe. We also
report on their UV characteristics (e.g. peak brightness and du-
ration/recurrence timescales) and their likely associations with
known sources in 47 Tuc. In Section 4, we discuss the implica-
tions of these findings in the context of CVs and DNe in GCs.
2. Observations and data reduction
2.1. Observations
For our study we used archival data from the Ultraviolet/Optical
Telescope (UVOT) on board the Neil Gehrels Swift observatory
(Gehrels et al., 2004; hereafter referred to as Swift). The UVOT
has a 17′ x 17′ FOV and is equipped with three optical filters (u,
b, v) and three UV filters (uvw1, uvm2, uvw2), as well as a mag-
nifier, two grisms, a clear white filter, and a blocked filter (see
Roming et al. 2005; Breeveld et al. 2010, 2011 for a detailed
description of the UVOT). The principal scientific goal of the
UVOT is to study the optical and UV afterglows of gamma-ray
bursts (see e.g. Page et al. 2019). Nonetheless, the broad wave-
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length range of the telescope (∼1600-8000 Å; Breeveld et al.
2010) and its many repeating observations of the same fields
(due to its rapid slew capabilities) also allows for effective tran-
sient searches, despite its small FOV (see Parikh & Wijnands
(2019) for a discussion about the UVOT observing strategy and
its usefulness in searching for UV transients).
All data were obtained from the Swift data archive at
NASA/GSFC1. The UVOT was used to observe 47 Tuc 76 times
over the ∼5.5-year period from 11 Feb 2013 to 21 Aug 2017
with cadence between one day and several months; currently
no additional observations of 47 Tuc have been performed with
Swift. All observations (with observation identification numbers
or ObsIDs 000497540[01-23] and 000841190[01-56]) were per-
formed in imaging mode and during all but one observations
(ObsID 00084119001), the uvm2 filter (which has a central
wavelength of 2246 Å; Poole et al. 2008; Breeveld et al. 2011)
was used. In this one outlying observation the uvw1 and uvw2
filters were used. Since we cannot search for variability without
a comparison data set for these two filters, this observation was
not used further to search for transients and we only used the
data obtained with the uvm2 filter. However, we used the uvw1
image of this observation to aid with obtaining accurate astro-
metric solutions to our images (see Section 3.1). An advantage
of the uvm2 filter for UV studies is that it has the smallest opti-
cal contamination (the ‘red leak’) of the three UV filters (see e.g.
Siegel et al. 2015). However, the 2175 Å interstellar absorption
bump is strongest at the wavelength of the uvm2 filter (Irvine
2011), thereby reducing our sensitivity to UV sources compared
with the two other UV filters. Yet this effect is not very severe be-
cause of the low extinction towards 47 Tuc. To monitor targets
throughout a given day, Swift observations are typically com-
posed of multiple exposures (‘snapshots’) separated by up to a
few hours and available as extensions in the observation files.
We extracted every snapshot for the 75 used observations of 47
Tuc and analysed each one individually (resulting in a total of
245 images to process). Exposure times per snapshot ranged be-
tween ∼0.03-2.3 ks.
2.2. Image processing
To detect and analyse highly variable sources, we used the spe-
cialised pipeline TUVOSpipe (for a detailed description of the
pipeline, see Parikh & Wijnands (2019)). In this section we give
a brief description of the main parts of TUVOSpipe and how
we implemented it to search for transients in the 47 Tuc data.
Both within the pipeline and during our additional data process-
ing (see Section 3.1), we used the tools available in HEAsoft
(version 6.252) with CALDB version 20170922.
Part I (TUVOSdownload) of TUVOSpipe obtains the data
from the Swift archive (or quicklook page). The raw (‘Level I’)
images have been pre-reduced with the standard UVOT reduc-
tion pipeline3, producing ‘Level II’ images which are astromet-
rically solved (with an uncertainty of a few arcseconds), flat-
fielded, and with bad pixels identified. These are the products
obtained by TUVOSdownload.
Part II (TUVOSsearch) uses difference imaging to search
for transients, whereby a template image is subtracted from the
science images. Sources with different brightness in the sci-
ence images with respect to the template image are visible as
residuals in the difference images. To perform the subtraction,
1 https://swift.gsfc.nasa.gov/archive/
2 https://heasarc.gsfc.nasa.gov/docs/software.html
3 https://swift.gsfc.nasa.gov/quicklook/swift_process_overview.html
TUVOSsearch uses the High Order Transform PSF and Template
Subtraction (hotpants) package (Becker 2015), which uses the
image subtraction algorithm of Alard & Lupton (1998). The pro-
cess requires as input one science image and one template im-
age, which must be taken with the same filter, aligned, and of
equal size. Additional processing is therefore required because
of the uncertainty in the astrometric solutions of UVOT images
and the pointing of Swift. The downloaded UVOT Level II im-
ages can be misaligned by up to several arcseconds. Therefore,
before performing each subtraction, TUVOSsearch aligns the
science image to the template image. Additionally, Swift has a
median pointing accuracy of 1.2 arcminutes4, so observations
of the same field cover slightly different regions on the sky.
To allow hotpants to be able to process the images properly,
TUVOSsearch therefore also crops each science and template
image such that they cover exactly the same sky region; this re-
duces the FOV by up to a few arcminutes, but in our case still
includes most of the stars in the GC. The first image (in order of
ObsID) is chosen as the template image (ObsID 00049754001;
extension 1) from which all other 244 images are subtracted5.
The image subtraction was found to work suitably well. Al-
though some structure is present and some bright sources leave
subtraction artefacts, the difference images are reasonably uni-
form (see the examples shown in Fig. 1). Bright transients (seen
as residual sources in the difference images) are clearly visible.
The performance of hotpants may be slightly reduced towards
the cluster core owing to significant diffuse emission. However,
from the difference images it is clear that this is not a significant
effect in the case of 47 Tuc, as the cluster core is also well sub-
tracted. Bright transients in the core are indeed clearly visible in
the difference images (see bottom panel in Fig. 1). The perfor-
mance of hotpants is also reduced for extremely bright sources
which saturated the UVOT detector and thus already have associ-
ated artefacts from the UVOT reduction pipeline; only one such
foreground source is present in the 47 Tuc data, which is visible
in the first, second, and fourth panels of Fig. 1.
TUVOSsearch runs Source Extractor6 on every difference
image to detect variable sources and produces a file listing the
position of each candidate transient. We inspected all images of
each candidate to determine which were likely to be real tran-
sients and not artefacts of a badly subtracted source. We also ex-
amined the light curves produced automatically by Part III of the
pipeline, i.e. TUVOSanalyse. However, we note that these de-
fault light curves were not useful for this particular study since
the pipeline is not designed for fields with strong background
due to the diffuse emission produced by, in our case, unresolved
stars in 47 Tuc. For each real transient, we undertook further
analysis, including the construction of more accurate light curves
(see Section 3) using methods specific to these sources which are
not implemented generally in the pipeline.
3. Analysis and results
Using all available UVOT uvm2 data of 47 Tuc, we found four
transient sources (see Fig. 1) and one strongly variable source.
For each of the transients, we performed the following analysis
to constrain the nature of the objects and their characteristics
(Section 3.1). The results of this analysis are then discussed for
each source (Section 3.2).
4 https://swift.gsfc.nasa.gov/proposals/tech_appd/swiftta_v14/node23.html
5 We note that choosing a different template image does not affect the
results presented in our paper.
6 https://www.astromatic.net/software/sextractor
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Fig. 1: Image subtraction examples for the four transient sources identified in the UVOT data. Left: the template image; centre: sample science
images in which enhanced activity of the sources was detected; right: the corresponding difference image. All images are 1.5′ x 1.5′. North is
up and east is to the left. In the science images, the detected transients are indicated by red lines. The template image corresponds to (the first
snapshot of) the observation with ObsID 00049754001. The science images correspond to (the first snapshot of) the observations of ObsID
00049754022, 00084119009, 00049754016, and 00084119023, respectively, for SW1–SW4.
Source Name Source ID RA Dec Type
SWIFT J002407−720546 SW1 00:24:06.87 -72:05:46.8 Transient
SWIFT J002402−720541 SW2 00:24:02.11 -72:05:41.1 Transient
SWIFT J002358−720413 SW3 00:23:57.72 -72:04:12.6 Transient
SWIFT J002406−720455 SW4 00:24:05.82 -72:04:55.2 Transient
SWIFT J002340−720600 HV 810 00:23:40.41 -72:05:59.7 Variable
Table 1: Names, source IDs as referred to in this paper, coordinates, and classifications as transients or variables for each of our detected
sources. The errors on the positions are ∼1.2".
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3.1. Analysis
We manually constructed light curves using the standard UVOT
photometry tool uvotsource. This tool performs aperture pho-
tometry using a circle (chosen by the user, typically with a ra-
dius of 5") centred on the position of the source and gives as
output the magnitudes (we used the AB magnitudes) and fluxes
of the source, as well as 1σ statistical and systematic errors. Sys-
tematic errors are derived from errors in the photometric calibra-
tion of UVOT (see the instrument manual7 or e.g. Breeveld et al.
2011). The uvotsource tool also corrects for coincidence loss of
the UVOT, though we note that for the measured magnitudes
(see Table 4), this effect is of the order of only few percent8.
To obtain accurate source parameters, the background has to be
subtracted. Typically a background region is selected close to the
source, devoid of bright sources, representative of the underly-
ing background of the target source, and significantly larger than
the 5" target source region; uvotsource uses the mean pixel value
within the background region, so increasing the size reduces bias
from Poissonian statistics. Such a region is difficult to find in data
containing GCs, since the high stellar densities cause source con-
fusion and blurring. This results in a cluster background in addi-
tion to the normal sky background in the UVOT images. At the
locations of our sources, the cluster background is much more
significant than the sky background, although both backgrounds
were corrected for. The sky background can vary significantly
both from image to image, for example as a consequence of zo-
diacal light and Earth shine (see discussion in Breeveld et al.
2010), and across a single image because of internal scattered
light within the telescope and detector system (Breeveld et al.
2010). This (relatively small) normal sky background was ac-
counted for as much as possible by providing uvotsource with
a background region near the edge of the image, far from the
GC. This region is therefore dominated by the sky background
and not the cluster background. This does not account for the
gradient in the background within each image; however this is
a small effect, in particular for uvm2 (see Breeveld et al. 2010).
The cluster background also has a strong gradient (dependent
on the distance to the centre of the cluster), which makes deter-
mining the contribution of the cluster background at our source
positions particularly challenging. To correct for this we took ad-
vantage of the fact that our sources are transients and thus were
only detected in a small fraction of the UVOT images. As a clus-
ter background, we therefore took the mean count rates at our
source positions (using the same extraction region as used for
the detected transients) in all images in which the source was not
detected. The fluxes at our source positions in images when the
sources were detected were then corrected by this mean back-
ground flux.
A further benefit of creating light curves manually is that
we can stack snapshots within ObsIDs, a feature not yet imple-
mented in TUVOSpipe. The light curves that we built are there-
fore obtained using one data point per observation to decrease
the errors on the magnitudes and fluxes. Light curves with one
data point per snapshot were also made, but because of the size
of the error bars no useful information could be obtained con-
cerning short timescale (<1 day) variability.
We examined variability amplitudes and timescales (where
possible). We used the maximum observed fluxes with respect
to the fluxes from non-detections (i.e. the flux due to the clus-
ter background) to estimate source outburst amplitudes. These
estimates are in all cases lower limits, as the observations are
7 https://swift.gsfc.nasa.gov/analysis/UVOT_swguide_v2_2.pdf
8 https://swift.gsfc.nasa.gov/analysis/uvot_digest/coiloss.html
unlikely to occur exactly at outburst maximum, and the exact
brightness of the sources in quiescence is likely significantly
lower than the cluster background at the source location. We also
used the light curves to constrain the durations and recurrence
times of the outbursts.
In order to aid identification of the transient sources we
found, we compared the coordinates of our sources with known
sources identified in 47 Tuc in previous optical and X-ray stud-
ies. We therefore needed to determine the positions of our
sources as accurately as possible. The automatic UVOT pipeline
can astrometrically solve images to ≤0.5" (Poole et al. 2008;
Breeveld et al. 2010). But this aspect correction may fail, for ex-
ample when the UV sky is too different from the optical Digital
Sky Survey, and this was the case for all the 47 Tuc data. There-
fore, the misalignment between the images was up to several arc-
seconds (as expected for UVOT images in cases where the aspect
correction fails; Poole et al. 2008; Breeveld et al. 2010). We thus
obtained accurate astrometric solutions by running our images
through astrometry.net. Since astrometry.net uses optical refer-
ence images, it could not obtain accurate coordinate solutions for
our uvm2 images. However, it could successfully solve the coor-
dinates for the (redder) uvw1 image (ObsID 00084119001). We
then used the image alignment function from the scikit-image9
package to align all our uvm2 images to the solved uvw1 image.
The mean error on the astrometric solution was calculated us-
ing the rms error between the expected and measured positions
of the solved astrometry.net image and found to be 1.2". There-
fore, we have an error circle of 1.2" for each of our sources. The
source coordinates obtained are listed in Table 1.
Multiple studies, including R18, identified tens of confirmed
and candidate CVs in a census of 47 Tuc using Hubble Space
Telescope (HST) observations, using optical colours, variability,
Hα excess, and association with X-ray sources identified in 47
Tuc using the Chandra X-ray Observatory. If sources exhibited
blue colours, optical variability, and Hα excess they were clas-
sified as CVs; if sources exhibited only blue colours they were
classified as CV candidates; this is the definition used in this
paper when we refer to CVs and CV candidates. For each of
our UV transients, we determined if it could be associated with
an optical/X-ray source from one of these studies. We note that
our error circle (as described above) is significantly larger than
that of the WFC3/UVIS instrument on HST used by the R18
study (1.2" vs <0.1"). This introduces uncertainty in our iden-
tification because as a result of the stellar densities of 47 Tuc,
there are often multiple sources within 1.2" of the HST source
(see e.g. Fig. 3 of Edmonds et al. 2003 or Fig. B1-B2 of R18,
which show HST images of typical CV candidates in 47 Tuc
with FOV ∼2" and ∼1" across, respectively). This suggests that
any source we detect at the location of an HST source may in
principle be associated with any of these sources. However, all
four of the potential R18 CV and CV candidate counterparts to
our sources are separated from other CVs and CV candidates in
that study by at least a few arcseconds (always >1.2"), indicating
that our sources can only be associated with one known CV or
CV candidate. We used our measured uvm2 magnitudes (repre-
senting the sources in outburst) and the HST U300 magnitudes
of the likely associated sources (representing the sources in qui-
escence) to infer minimum outburst amplitudes. The U300 filter
is the bluest with which CVs and CV candidates in 47 Tuc were
identified in R18. Therefore despite being only an estimate of
the uvm2 magnitude of the source in quiescence due to the ∼800
Å difference in central wavelength between the uvm2 and U300
9 https://scikit-image.org/docs/dev/api/skimage.feature.html
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filter, this gives an indication of the UV outburst amplitude of
the sources.
We estimated the X-ray flux of our sources during their
brightest observed outbursts using the simultaneous Swift X-Ray
Telescope (XRT) observations. For sources for which there are
no X-ray detections at the source locations, we used the XRT
exposure times and the 3σ confidence limit prescriptions from
Gehrels (1986) to determine the count rate upper limits. We used
the HEASARC tool Webpimms10 to infer upper limits for the
unabsorbed X-ray flux (for the energy range 0.5–10 keV), as-
suming a spectrum with a power-law index of 2 (as observed
by e.g. Balman 2015 in DNe) and Galactic or source-specific
(if available) column densities NH observed for each source by
Heinke et al. (2005, see Table 7 in their paper). See Table 3 for
the upper limits on the X-ray fluxes and corresponding luminos-
ity upper limits of our sources at their brightest outbursts and
the details of the parameters used to derive upper limits for each
source. We also list the Chandra X-ray (0.5-6 keV) luminosities
for the likely quiescent counterparts of our sources as reported
in Heinke et al. (2005).
We used the distance of 4.69 ± 0.04 kpc (Woodley et al.
2012) and the effective filter bandpass of uvm2 of 533 Å to deter-
mine the uvm2 luminosities for the brightest observed outbursts
of each source (see Table 3) to compare these values roughly
with typical UV luminosities of DNe (see e.g. Wheatley et al.
2000 and references therein; Ramsay et al. 2010).
3.2. Results
Five sources displaying strong variability or transient behaviour
were found in the difference images: SWIFT J002407−720546,
SWIFT J002402−720541, SWIFT J002358−720413, SWIFT
J002406−720455, and SWIFT J002340−720600, hereafter re-
ferred to as SW1, SW2, SW3, SW4, and the RR Lyrae HV 810,
respectively; the last source can conclusively be identified as this
RR Lyrae star (see Section 3.2.6). See Table 1 for the names, po-
sitions, and IDs of our sources. In Fig. 1 we show 1.5′ x 1.5′
stamps of the template image and examples of science and dif-
ference images for SW1–4. The uvm2 fluxes for every ObsID
in which each transient was detected are shown in Table 2. The
measured peak fluxes and corresponding luminosities in uvm2
and XRT (upper limits) for the brightest outburst we observed
for each transient are given in Table 3. The results for SW1–4
are summarised in Table 4.
3.2.1. SW1
This source was detected in six of the UVOT observations at a
position ∼0.89′ from the cluster centre (see Fig. 1, top row, Ta-
ble 2, and Fig. 2, top panel). No source was visible above the
cluster background at the same location in all other UVOT im-
ages. To check whether a deeper image may reveal the source
while not in full outburst, we stacked all observations in which
the source was not detected using the HEASARC tool fappend11
(to append images) and the UVOT tool uvotimsum12 (to sum the
images). This resulted in a deep image; however no source was
visible at the location of SW1. The mean cluster background
uvm2 magnitude when the source was not exhibiting enhanced
activity (determined using uvotsource at the source location) was
17.6 ± 0.1, indicating that the source in quiescence was fainter
10 https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3pimms/w3pimms.pl
11 https://heasarc.gsfc.nasa.gov/lheasoft/ftools/fhelp/fappend.txt
12 https://heasarc.gsfc.nasa.gov/lheasoft/ftools/headas/uvotimsum.html
Source ObsID Date Flux
(10−15 erg s−1 cm−2 Å−1)
SW1
00049754004 2013-07-02 1.62±0.18
00049754022 2013-11-06 3.23±0.25
00084119002 2014-11-17 0.40±0.10
00084119010 2015-03-05 1.38±0.14
00084119019 2016-01-03 2.43±0.19
00084119020 2016-01-04 2.34±0.20
SW2
00049754001 2013-02-11 1.41±0.19
00049754011 2013-08-17 0.75±0.15
00049754012 2013-08-19 0.95±0.16
00049754013 2013-08-22 1.17±0.18
00049754014 2013-08-24 0.86±0.16
00049754015 2013-08-27 0.40±0.18
00084119003 2014-11-29 0.46±0.13
00084119006 2015-01-07 0.72±0.14
00084119009 2015-02-09 1.47±0.19
00084119022 2016-01-29 1.35±0.19
00084119023 2016-02-03 0.90±0.16
00084119027 2016-03-25 0.37±0.14
00084119036 2016-07-07 0.96±0.16
00084119043 2017-02-26 0.51±0.14
00084119046 2017-03-16 0.60±0.14
00084119051 2017-05-17 0.81±0.15
00084119053 2017-06-18 0.76±0.15
SW3
00049754016 2013-09-03 0.91±0.13
00049754017 2013-09-04 0.75±0.11
00049754018 2013-09-11 0.58±0.10
SW4
00084119002 2014-11-17 2.03±0.48
00084119023 2016-02-03 3.29±0.54
00084119034 2016-06-17 1.77±0.46
00084119043 2017-02-26 1.80±0.48
00084119044 2017-03-01 1.58±0.47
Table 2: Details of the observations during which our four UV transients
were detected. The uvm2 fluxes are listed for each detection. The errors
on the fluxes are the 1σ errors (statistical combined with systematic,
the latter representing errors in the photometric calibration of UVOT) as
obtained using the uvotsource tool. The fluxes are corrected for cluster
background flux by subtracting the mean flux at the source position at
times when the sources are not detected.
than this value. The source was detected twice during its fifth
outburst and once during each other outburst (see Fig. 2 top
panel). The maximum observed brightness exhibited by SW1
was during its second outburst, when it was detected at a uvm2
magnitude of 16.6 ± 0.1.
Owing to the sampling of the data, there were typically
gaps of at least one week (and frequently a few weeks) be-
tween observations in which the source was detected and pre-
ceding/following observations in which the source was not de-
tected. However, the fifth outburst was detected in observations
00084119019 and 00084119020, which were performed one day
apart (see Fig. 2, top panel). From the data, we infer that the out-
burst durations were always <2 weeks. The times between suc-
cessive observed outbursts were 127 days, 376 days, 108 days,
and 304 days. Because of the data gaps in the coverage of 47 Tuc,
entire outbursts may have been missed, so these values are upper
limits on the outburst recurrence times (see Fig. 2, top panel).
The position of SW1 is consistent with the location of a CV
identified by R18 and Edmonds et al. (2003, W25 in their pa-
pers). However, the source has never been observed in outburst.
R18 reported a U300 magnitude of 20.7 for W25. Based on the
observed uvm2 brightness of this source in outburst, this indi-
cates a lower limit for the UV magnitude brightening from 20.7
to 16.6, thus &4.1 (for its brightest observed outburst).
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Fig. 2: Light curves from uvm2 for all four UV transients. The red points
are detections and the black points are non-detections. The errors bars
are the total 1σ (statistical and systematic) errors as obtained using the
uvotsource tool. All data points are corrected for cluster background by
subtracting the mean cluster flux at the source position when the sources
are not detected. The black dashed lines are the averages of the black
points after correction (thus fixed at a flux of 0).
3.2.2. SW2
Our second transient SW2 was detected in the difference images
corresponding to 17 different UVOT observations at ∼0.87′ from
the cluster centre (see Fig. 1, second row, Table 2, and Fig. 2,
second panel). The outbursts of this source recur on relatively
short (∼weeks) timescales (see Fig. 2, second panel). Stacking
images of non-detections, as was done for SW1, again did not
reveal any source above the cluster background. The mean clus-
ter background magnitude when the source was not detected was
17.8 ± 0.1, so the source was fainter than this when not in out-
burst. The source was observed in outburst 12 times, with five
detections during the second outburst, two detections during the
sixth outburst, and one detection during each other outburst. At
the maximum brightness we observed for SW2 (during the fifth
outburst; see Fig. 2, second panel), we measured a uvm2 magni-
tude of 17.1 ± 0.1.
Because of the large number of detected outbursts and the
sampling during certain outbursts, both duration and recurrence
timescales can be better constrained for SW2 compared to SW1.
Although again typical observations adjacent to outburst obser-
vations were separated in time by over one week, some non-
detections occurred just a few days before or after a detection,
providing more accurate estimates of outburst durations. The
second outburst visible in the light curve at MJD∼56530 (see
Fig. 2, second panel) provides the best time series because both
a rise and a decay are clearly visible, suggesting an outburst du-
ration of at least 10 days but not longer than 20 days (as shown
more clearly in the zoomed in version of the light curve of this
outburst in Fig. 3). The weaker constraints we infer from the
other outbursts of this source are consistent with this range. This
includes the final four detections (red points in the light curves),
which are all separate outbursts. Because of the inhomogenous
cadence and large gaps in the sampling, the recurrence time is
not easily determined. However, the times between separate, suc-
cessive observed outbursts were typically tens of days. Longer
separations between outbursts, of >100 days, occur only occa-
sionally, suggesting that the longer measured times are likely
due to the large gaps in the data and that a best estimate for the
recurrence time is indeed tens of days (see Fig. 2, second panel).
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Fig. 3: Zoom of the uvm2 light curve of SW2 during its second observed
outburst in the UVOT data, showing that the source exhibited a rise and
decay in brightness over a 10 day period, with a maximum duration of
the outburst of 20 days. The red points show detections and the black
points show non-detections.
In their works, R18 and Edmonds et al. (2003) identified a
CV (W56 in their papers) at a location that lies within the UVOT
error circle of our source SW2, implying a high likelihood that
our source corresponds to this known source exhibiting an out-
burst. The R18 authors reported a U300 magnitude of W56 of
20.3, suggesting a UV magnitude brightening from 20.3 to 17.1,
thus &3.2. Edmonds et al. (2003) detected large amplitude vari-
ations for this source, but they did not conclusively attribute this
to DN outbursts.
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We noticed an apparently unusual rise in background flux at
the source position of SW2 during the fourth data period (see
Fig. 2, second panel). After visually inspecting the correspond-
ing images, we determined that these elevated points are likely
due to the variable background from unresolved stars and poten-
tially artefacts of the bright nearby source (see Fig. 1, second
row). None of these points represent a significant detection of
the source.
3.2.3. SW3
SW3 was only detected in three (consecutive) UVOT observa-
tions over the course of 8 days at a position ∼0.89′ from the clus-
ter centre (see Fig. 1, third row, Table 2, and Fig. 2, third panel).
These detections likely represent enhanced activity of the source
during a single outburst (see Fig. 2, third panel; and Fig. 4). Us-
ing the same method as for SW1 and SW2, we stacked all im-
ages in which the source was not detected and found no source
at the position of SW3 in the resulting deep image. The mean
cluster background uvm2 magnitude when the source was not in
outburst was 18.1 ± 0.1, indicating that the source in quiescence
was dimmer than this. The maximum observed flux (the first of
the three SW3 detections; see Fig. 2, third panel) corresponded
to a uvm2 magnitude of 17.5 ± 0.1.
Three observations took place during the decay stage of the
outburst - the source is seen to decrease in brightness over 8 days
(see zoomed in version of the light curve of SW3 in Fig. 4). From
preceding and subsequent observations in which SW3 was not
detected, we infer a rough duration of the outburst of more than 8
days but less than 30 days. Immediately prior to the outburst ob-
servations, several closely spaced observations were taken over
roughly 30 days in which no outburst was detected; this gives a
lower limit of &30 days for the recurrence time. No other similar
instance occurred in the observations whereby we had consecu-
tive data points each separated by <8 days and spanning more
than 30 days combined. Therefore, the best constraint we can
establish for the recurrence time of SW3 is indeed &30 days.
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Fig. 4: Zoom of the uvm2 light curve of SW3 during its only observed
outburst in the UVOT data, showing that the outburst lasted at most 30
days and that the rise time was only a few days. Owing to the gaps
in the data, the decay timescales could not be constrained to better than
<20 days. The red points show detections and the black points represent
non-detections.
The UVOT error circle of our source SW3 is consistent with
a CV candidate identified by R18 and Edmonds et al. (2003,
W324 in their papers). These authors reported a U300 magnitude
of 21.9 of this source. If W324 is indeed the counterpart of SW3,
this implies that the UV magnitude of SW3 brightened from 21.9
to 17.5, indicating a brightening on the magnitude scale of &4.4.
3.2.4. SW4
This source was detected in five UVOT observations (see Fig. 1,
bottom row, Table 2, and Fig. 2, bottom panel) at a position very
near the centre of the cluster. The last two detections correspond
to the same outburst, so we observed this source in four differ-
ent outbursts; these last two detections are separated by three
days with no other observations in between in which the source
was not detected. SW4 was also not detected in quiescence as
a consequence of very high cluster background at its location.
The mean cluster background uvm2 magnitude when the source
was not detected was 16.2 ± 0.1. This is a very weak constraint
on its brightness in quiescence since the cluster background at
the location of SW4 is significantly greater than at the location
of SW1, SW2, and SW3. The maximum observed flux of SW4
(observed during its second outburst, see Fig. 2, bottom panel)
corresponded to a uvm2 magnitude of 15.8 ± 0.1.
All non-detection observations immediately prior or subse-
quent to outburst observations occurred at least one week apart
from the outburst, indicating rough outburst durations of <2
weeks. The times between successive outbursts were 443 days,
136 days, and 253 days, giving upper limits for the recurrence
times of the outbursts (see Fig. 2, bottom panel).
Our error circle (1.2") of SW4 is consistent with the location
of the known DN V2 (W30 in R18). The U300 magnitude in
quiescence of this source is reported at 19.7 (R18), indicating a
UV magnitude brightening from 19.7 to 15.8, thus &3.9.
3.2.5. Non-detection of AKO 9
In addition to the known DN V2 (which likely is SW4; see Sec-
tion 3.2.4), there is another previously known DN in 47 Tuc,
AKO 9 (W36 in R18). This source was first observed in 1989
(Auriere et al. 1989) and was observed in outburst at least once
(Minniti et al. 1997, and see Knigge et al. 2003 for an overview
of the observed properties of AKO 9). In our difference images,
we did not detect any residuals at the position of AKO 9, demon-
strating that it was not in outburst during any of the UVOT ob-
servations.
3.2.6. RR Lyrae HV 810
We additionally detected bright positive sources in our differ-
ence images resulting from the varying UV brightness of the
only known RR Lyrae variable in 47 Tuc, HV 810 (Carney et al.
1993). We applied barycentric corrections to the arrival times of
the photons in all images using the HEASARC tool barycorr13.
We constructed a barycentre-corrected light curve (shown in
Fig. 5) and folded it using the previously reported period of HV
810 (0.736852 days) measured from data taken in 1988 (Car-
ney et al. 1993). We found that the resulting folded light curve
did not indicate any periodicity (only scattered points), indicat-
ing that the period used was not correct. We used a phase dis-
persion minimisation analysis (described by Stellingwerf 1978)
13 https://heasarc.gsfc.nasa.gov/ftools/caldb/help/barycorr.html
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Source FUV
(×10−15 erg s−1 cm−2 Å−1)
LUV
(×1033 erg s−1)
NH
(×1020 cm−2)
FX
(×10−13 erg s−1 cm−2)
LX
(×1033 erg s−1)
Chandra LX
(×1030 erg s−1)
SW1 3.23 ± 0.25 4.54 ± 0.23 6.5 <6.5 <1.7 53.1+1.8−1.6
SW2 1.47 ± 0.19 2.07 ± 0.12 10.5 <0.7 <0.2 134.2+2.7−2.6
SW3 0.91 ± 0.13 1.27 ± 0.08 1.3 <4.0 <1.1 0.75+0.4−0.2
SW4 3.29 ± 0.54 4.62 ± 0.25 - - - 47.7+1.7−1.6
Table 3: Detected peak fluxes and corresponding luminosities for the brightest observed UV outburst of each transient in the uvm2 filter and the
X-ray upper limits (0.5-10 keV). The errors on the fluxes are the (statistical combined with systematic) 1σ errors as obtained using the uvotsource
tool. The luminosities are calculated using the distance of 4.69 ± 0.04 kpc and the effective filter bandwidth of uvm2 of 533 Å, and the errors
are derived by propagating the errors on the flux and the distance. The XRT upper limits were determined using the HEASARC tool Webpimms
and appropriate estimates of NH column densities and the power law index (see Section 3.1 for details). For SW4, no XRT upper limit could be
determined due to contamination at the source location from a very bright nearby X-ray source (namely X9; see Section 4). The Chandra X-ray
luminosities are taken from Heinke et al. (2005) for the likely counterparts to SW1-4, namely W25, W56, W324, and W30, respectively. We note
that they correspond to a slightly different energy range (0.5-6 keV vs 0.5-10 keV, which we have used) and were converted to the 4.69 kpc distance
used in our paper (Heinke et al. 2005 used a distance of 4.85 kpc).
tool (from the Python kit pwkit14) to search our barycentre-
corrected light curve for periodic variability and we found a
period at 0.737107±0.000003 days (the error is 1σ, computed
by pwkit). See Fig. 6 for the light curve folded with this pe-
riod. This value is larger than the previously reported period by
0.000255±0.000003 days, indicating a rate of period change for
HV 810 over the last few decades of β ∼10 d Myr−1. RR Lyrae
are known to undergo period changes, potentially linked with
their evolutionary status; for example it has been suggested that
RR Lyrae in later stages of evolution tend to experience higher
period change rates, (see Jurcsik et al. 2001). Typical RR Lyrae
‘period changers’ have β < 0.1 d Myr−1 (see e.g. Jurcsik et al.
2001; Smith 2013; Arellano Ferro et al. 2016, 2018), which is
much smaller than the period change we determine for HV 810.
However, a small number of RR Lyrae have been observed with
very large period change rates of 1 < β < 10 d Myr−1 (Jurcsik
et al. 2001). These were stars with long periods (∼0.5 d) and low
mean absolute magnitudes (MV < 1.5, thus very bright stars),
suggested to be in later stages of evolution. HV 810 is also a
bright (MV = 1.07), long-period, highly evolved star (Carney
et al. 1993; Storm et al. 1994). Thus, the large period change
implied by our observations is consistent with those found for
other, similar RR Lyrae stars.
Carney et al. (1993) measured optical variability for HV 810
and found changes on the magnitude scale of 1.07 (V) and 1.35
(B), while we measure a uvm2 amplitude of 2.8 magnitudes. Our
results are therefore consistent with the significantly enhanced
pulsation amplitudes in the UV (with respect to optical) observed
from other RR Lyrae variables (see e.g. Siegel et al. 2015).
4. Discussion
We detected four UV transients (and one UV variable, which
could be identified as an RR Lyrae star; see Section 3.2.6) in
the 75 uvm2 observations obtained with the UVOT of the Galac-
tic GC 47 Tuc. All four transients are likely DN outbursts from
CVs, of which only one has previously been observed in out-
burst (see Table 4 for details). We thus detected three new GC
DNe candidates, of which there are, as of this study, only 17
known in all Galactic GCs. These identifications are primarily
based on the outburst properties and the positional coincidence
of our UV sources with known CVs or candidate CVs in 47 Tuc
as identified by R18 (and previously Edmonds et al. 2003).
The observed changes in uvm2 magnitude above the cluster
background that we detected during the brightest outbursts were
14 https://pwkit.readthedocs.io/en/latest/science/pwkit-pdm/
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Fig. 5: RR Lyrae HV 810 uvm2 light curve. The times for all data points
have been barycentre corrected.
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Fig. 6: RR Lyrae HV 810 uvm2 folded light curve using a period of
0.737107 days. The phase is chosen arbitrarily.
1.06, 0.67, 0.59, and 0.41 for SW1–4, respectively. However, if
we take the values for the HST U300 magnitude of the CV or
CV candidate counterparts to our sources as estimates for the
brightness of our sources in quiescence, we obtain for SW1–4 a
change on the magnitude scale of at least 4.1, 3.2, 4.3, and 3.9,
respectively. These all lie within the 2–6 mag range of expected
(optical) brightenings of DNe (see e.g. Dobrotka et al. 2006; Bel-
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Source
ID
Distance from
cluster centre
(′)
Brightest
observed uvm2
magnitude
Observed
uvm2 outburst
amplitude
(magnitudes)
U300
quiescence
magnitude
Approximate
UV outburst
amplitude
(magnitudes)
Optical CV or
CV candidate
counterpart
Previously
observed
in outburst
SW1 0.89 16.57±0.09 >1.1 20.702(8) >4.1 W25 No
SW2 0.87 17.09±0.11 >0.7 20.33(2) >3.2 W56 Possibly
SW3 0.89 17.52±0.12 >0.6 21.882(6) >4.4 W324 No
SW4 0.06 15.81±0.10 >0.4 19.74(4) >3.9 W30 Yes
Table 4: Summary of the parameters of our four UV transients. The distances to the cluster centre are those given by R18 (which they determined
using the coordinates of the centre of 47 Tuc determined by Goldsbury et al. 2010) for their sources with which our UV transients are associated.
The observed outburst amplitudes (taken from the brightest observed uvm2 magnitude compared with the cluster background brightness at the
source location) are lower limits because the true uvm2 quiescent magnitude of our transients could not be measured owing to the high cluster
background, and because the outbursts are unlikely to be caught at maximum brightness. To determine a better constraint for the outburst ampli-
tudes, we compared the uvm2 detections with the U300 magnitude measured by R18 (using HST) from the most likely quiescent counterpart of
our sources, although these are still lower limits as the transients may not have been observed at during the peak of their outbursts in the UVOT
observations. Photometric errors for the U300 magnitude (taken from R18) values are given in parentheses.
loni et al. 2019). These outburst amplitudes are lower limits, as
outbursts are not necessarily caught at maxima during the UVOT
observations.
The sources SW1 and SW3 have not been observed in out-
burst before. We detected five outbursts from SW1 and one from
SW3. Edmonds et al. (2003) suggested that the source corre-
sponding to SW2 may have exhibited ‘signs of outbursts’ ow-
ing to its strong variability, although they could not conclusively
identify the variability as being caused by DN outbursts. We de-
tected several clear outbursts of this source, confirming its DN
nature. The location of SW4 corresponds to the known DN V2,
which has been observed in outburst twice (Paresce & de Marchi
1994; Shara et al. 1996). We detected four additional outbursts
of this source. Until now it was one of only two known DNe
in 47 Tuc; the second is AKO 9, which was not detected in the
UVOT observations. We therefore increased the DN sample in
this cluster to five.
As described in Sections 3.2.1–3.2.4, the observational sam-
pling and high cluster background for the observations of 47 Tuc
made obtaining estimates for durations and recurrence times for
the outbursts difficult. Nevertheless, our light curves show that
the outburst durations for all four sources occurred on timescales
of days to weeks, as expected from DNe. We obtained estimates
for the duty cycles (the fraction of time a source is in outburst)
of our sources, which is equal to the ratio of the average out-
burst duration time to the average recurrence time (both mea-
sured over a time span covering many outbursts). We used the
upper limits for the duration times and the shortest observed re-
currence times (or lower limit in the case of SW3) to compute
duty cycle upper limits for each source, yielding <0.1, <0.3,
<0.5, and <0.1 for SW1–4, respectively. Duty cycles can also
be obtained as the ratio of the number of outburst detections to
the total number of observations, for which we find consistent
results with duty cycle values of 0.08, 0.22, 0.04, and 0.07 for
SW1–4, respectively. These values are consistent with typical
DNe: for instance, Coppejans et al. (2016) found DN duty cy-
cles ranging from 0.01-0.36, using light curves spanning 8 to
9 years of several hundred events from the Catalina Real-Time
Transient Survey.
We also note that all the values we infer for the uvm2 lumi-
nosities of SW1–4 (see Table 3) lie within the range of typical
UV luminosities exhibited by DN (∼1033 − 1035 erg s−1; Wheat-
ley et al. 2000 and references therein; Ramsay et al. 2010).
Simultaneous XRT observations revealed no X-ray sources
at the locations of SW1, SW2, and SW3 during outburst (see Ta-
ble 3 for upper limits on the X-ray fluxes and luminosities). Typ-
ical X-ray luminosities for DNe in the 0.5–10 keV band range
∼1030–1034erg s−1 (Balman 2015; Wada et al. 2017). The up-
per limits we determined for SW1–3 are consistent with this
range and with the Chandra (0.5-6 keV) luminosities derived by
Heinke et al. (2005). However, this result should be taken with
caution, as X-ray emission from DNe may lag with respect to
the optical and UV radiation and X-rays may decrease in bright-
ness during the DN outbursts (Wheatley et al. 2003). We could
not derive any estimates or upper limits of the X-ray emission
from SW4 because its location in the XRT images is signifi-
cantly contaminated by strong X-ray flux from the nearby source
X9, a well-known X-ray binary (see e.g. Heinke et al. 2005;
Bahramian et al. 2017). Additionally, inspecting the XRT im-
ages corresponding to both observations during the UV outbursts
and when the source was not in outburst revealed no change in
the X-ray flux at the location of SW4 (within the errors on the
fluxes).
We caution that the association of our transients with the
known CVs or CV candidates is not entirely conclusive, since
multiple HST sources are present within the positional error
circle of our UV transients. However, the identification of our
sources as counterparts to the known CV or CV candidates is
strengthened by the fact that for all sources there is only one CV
or CV candidate (from R18) within the positional error circle,
and that the outburst properties they exhibit are clear signatures
of DN outbursts.
Until now only 14 DNe have been detected in GCs. With the
sources SW1, SW2, and SW3, we increase this number signifi-
cantly to 17 and we increase the total number of DNe in 47 Tuc
from 2 to 5, making it the GC with the highest number of ob-
served DNe (no other GC contains more than 2 identified DNe,
see Pietrukowicz et al. 2008 and Belloni et al. 2016). This low
number of detections is in stark contrast with theory, which pre-
dicts that CVs should be very common in GCs (>100 in massive
GCs) and that around 50% of CVs should exhibit DN outbursts
(Downes et al. 2001; Dobrotka et al. 2006; Knigge et al. 2011;
Belloni et al. 2016). This discrepancy has been examined over
multiple decades, and several possible explanations have been
explored (see Section 1 for more information). Several studies
have attributed the lack of observed events to an intrinsic differ-
ence in the physical properties of CVs in GCs compared with
field CVs (e.g. Dobrotka et al. 2006; see Section 1), while others
have interpreted the problem as a result of observational con-
straints, in particular high GC background and stellar crowding
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(e.g. Belloni et al. 2016; see Section 1). There have been some
attempts to compute the expected observable DNe rates in GCs
to quantify the discrepancy. Belloni et al. (2016) model a the-
oretical massive cluster containing 108 CVs, and from typical
DNe duty cycles determine the probability of detecting a CV (in
quiescence or outburst) based on the distance to the cluster and
the limiting (optical) magnitude of the observations (see Fig. 5 in
their paper). Although the study concerns optical observations,
to obtain an estimate from our data we can input values pertinent
to the UVOT observations of 47 Tuc to determine that ∼2.5% of
CVs (2-3 for a cluster with 108 systems) should be detectable in
outburst during any given (UVOT) observation. Dobrotka et al.
(2006) used similar methods/models to expect 0.5-2 DNe to be
occurring in 47 Tuc at any given time. In our study, we have 31
detections during outburst from a total of 75 observations, indi-
cating a rate of 0.41 detections per observation. This therefore
suggests only a small discrepancy with the (lower estimates of)
the expected rates. Considering this, and taking into account the
uncertainties and assumptions associated with the theory used to
make these predictions, the results of this study indicate that the
discrepancy between theory and observations of DNe in GCs can
likely be explained primarily by observational biases, and not by
differences in the real rates of of GC DNe outbursts compared
with DN outbursts from field CVs.
We note that as a result of the very high cluster background
emission at the core of the cluster, relatively weak outbursts may
not appear clearly in the difference images and thus may not be
picked up by our pipeline. For instance, most of the flux mea-
surements from the outbursts of SW2 and SW3 are less than
1×10−15 erg s−1 cm−2 Å−1 above their respective backgrounds. If
these sources had been located at the position of SW4, we likely
would not have detected them at all above the stronger back-
ground (and, consequently, larger error bars on the flux measure-
ments; see Fig. 2). We can therefore deduce that from UVOT ob-
servations it is typically only possible to detect the very brightest
DNe in the centre of the cluster. Since the number of interacting
binaries is predicted to increase towards the cluster core (Sig-
urdsson & Phinney 1995; Benacquista & Downing 2013; van
den Berg 2019), this suggests that many GC DNe will be not be
detectable with UVOT observations.
Stellar crowding is closely linked with the issue of back-
ground flux (both indicating high stellar densities) and can help
explain the lack of detections. In optical and NUV studies of
GCs with HST, higher resolution allows many more stars to be
resolved, significantly decreasing their contribution to cluster
background emission. On the other hand, the optical flux from
GCs is significantly higher than the UV flux owing to typically
old and thus UV-faint populations of stars dominating GCs; thus
the optical cluster background emission may still be more sig-
nificant than the UV for ground-based (and typically seeing lim-
ited) optical telescopes. Therefore, optical searches can be hin-
dered by both the background flux and the lower optical ampli-
tude of DNe outbursts with respect to the UV, suggesting that
the lack of UV studies could be potentially contributing to the
paucity of observed GC DNe.
In searches for DNe in GCs, it is thus difficult to evaluate
the benefits and challenges for each wavelength regime. Never-
theless, if we take note of the relative success of this UV study
in corroborating theory with observations, we suggest that UV
searches of GC DNe (and UV variability studies of GC in gen-
eral) can be highly beneficial, in particular if higher angular res-
olutions can be achieved than what is possible with UVOT.
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